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Introduction 39
The overall global burden of human disease caused by sewage pollution of coastal waters has 40 been estimated at 4 million lost person-years annually (Moore et al., 2013) . Within this, consumption 1992), and may be referred to collectively as Faecal Indicator Bacteria (FIB). In Europe, Escherichia 60 coli is adopted as the traditional indicator of faecal (sewage) contamination in shellfish and is used 61 for risk assessment and management purposes (Anon, 2004) . However, studies have indicated that E. spatial and temporal discharge patterns (Fong and Lipp, 2005) . In addition, E. coli may be introduced 67 to the environment from agricultural livestock making it a poor indicator of point-source, human-68 derived wastewater discharges (Campos et al., 2013 wastewater discharges.
95
The position and dilution of wastewater effluent plumes has been determined using 96 approaches such as bacterial, bacteriophage or dye tracing (Hammerstein et al., 2015) . More recently, The aim of this study was to improve our understanding of NoV behaviour upon discharge of The offshore submarine sewage outfall pipe at Kinmel Bay, North Wales (53.336901N, 117 3.569200W; Fig. 1 NoV genogroups, including plate layout, and reaction mixes, were performed exactly as described by 164 Lowther et al. (2012a) except for the genogroup II assay where TAMRA was used as the quencher.
165
The thermocycler used was an Applied Biosystems 7900HT (Life Technologies Ltd, Paisley, UK).
166
The use and treatment of a suite of qRT-PCR controls and all quantification steps also followed the Redlands, CA) using the spline method in the Spatial Analyst toolbox. 
Baseline microbiological contaminant levels

223
Baseline levels for NoV GI and GII, E. coli and coliforms in mussels used to stock the 224 experimental cages at T0 are shown in omitted, the levels of GI and GII in the mussels were highly correlated across all the samples (r 2 = 244 0.98; P < 0.001). Within the sampling array, significant spatial variation in NoV GI and GII levels in 245 the mussels was apparent (Fig. 2) ± 84 gc g -1 ) for both GI and GII (t-test P = 0.005 and P = 0.019 respectively).
255
E. coli contamination of shellfish flesh increased in the samples collected directly over the 256 outfall (approximately 3-fold from the T0 value of 400 ± 163 to 1167 ± 166 CFU 100 g -1 ) and 257 decreased to undetectable levels at 5 sites (Fig. 2) . The total coliform content of the mussels increased coliforms and E. coli concentrations were also highly correlated across all sites (r 2 = 0.82; P < 0.001).
261
For E. coli and coliforms the spatial contamination pattern around the outfall were slightly different.
262
E. coli was detected at highest levels directly over the outfall, but was not detected within the transect 263 to the West nor the North of the outfall, being skewed East and towards the shore. Total coliforms
264
were also detected at highest levels over the outfall, and also showed a skewed distribution East and 265 slightly towards shore, but were detected at all sites. Correlation between total coliform and total NoV 266 (ΣGI + GII) concentrations was weakly significant (r 2 = 0.43; P < 0.01 West-East transects passing over the outfall (Fig. 3) East there were some differences. Slightly higher levels than those predicted by the model were also 282 found 1 km to the South of the outfall for both NoV GI and GII. The model overestimated the relative 283 levels for E. coli and total coliforms both to the East and to the West of the outfall (Fig. 3) . However,
284
higher levels than the model would predict were found to the South (onshore) of the outfall. for transplanted oysters to stabilize and represent in situ background levels (Campos et al., 2015) .
293
Higher initial levels of NoV GII in the mussels used to stock the experiment were observed to either 294 increase at some sites, or decline at others, revealing a similar pattern. This suggests that the levels between model predictions and experimentally-derived levels for both NoV GI and GII. In the future,
305
we expect that this type of correlation can be used to predict potential NoV levels using summed or 306 average effluent dilutions as predicted by hydrodynamic models. This would greatly help the 307 generation of tools for determining shellfish production exclusion zones around other outfalls for 308 which a hydrodynamic model is available (e.g. a zone where mussels may be expected to accumulate 
NoV GI and GII accumulation ratios in mussels 313
Baseline measurements made at the start of the experiment (T0) showed a much greater 314 abundance of NoV GII relative to the amount of NoV GI present in the mussels (GI:GII ratio = 0.016 315 ± 0.001). This ratio is highly consistent with NoV outbreaks and presence within the wider 316 community measured during the same time (monthly Mar-Apr mean GI:GII ratio = 0.016 ± 0.005; 317 mainly associated with GII.4; PHE, 2016). Interestingly, however, after being deployed around the 318 outfall for 30 d, levels of GI in mussels markedly increased becoming similar to NoV GII levels 319 across all samples (GI:GII ratio = 0.98 ± 0.15). Due to access issues, effluent samples of wastewater 320
were not available for analysis. However, factors known to affect the ratio of GI:GII ratio in 2014) showed that GI showed greater retention in mussel tissue when exposed to clean seawater.
335
Taken together, this also correlates with the finding that NoV GI is more frequently encountered in 
Spatial patterns of faecal indicator bacteria accumulation in mussels 342
In contrast to NoV, no significant agreement was found between the measured concentrations 343 of E. coli or coliforms in mussels and the modelled effluent plume exposure. Furthermore, whilst E.
344
coli correlated with total coliforms and NoV GI correlated strongly with NoV GII, no significant 345 correlation was found between E. coli and NoV. Indeed, NoV GI and GII were detected in mussels 346 at very high concentrations at sites at which E. coli was not detected, notably to the West of the 347 outfall. We are aware that the tidal current was flowing to the East at the time of sampling and 348 therefore mussels to the West are likely to have been less recently exposed to the effluent plume. This for weeks in shellfish tissue (Johne et al., 2011 water samples can still provide only snapshots of information from potentially complex tidal systems.
396
Their low abundance and ephemeral nature also limits their ability to assess risk. This is limiting the 397 introduction of viral surveillance measures for bathing waters. Mussel biosentinels therefore offer a 398 cost-effective way of measuring microbiological pollution, integrated over a time period, particularly 399 in recreational waters. In this scenario, mussels could be easily deployed on buoys at the perimeter 400 of the bathing zone and sent for routine analysis. 
